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$ QHZ PHFKDQLVP RI KDUPRQLFV JHQHUDWLRQ +* LQGXFHG E\ TXDQWXP
HOHFWURG\QDPLFV 4('HIIHFWV LQH[WUHPH LQWHQVH ODVHU IRLO LQWHUDFWLRQ LV IRXQGDQG
LQYHVWLJDWHG E\ 3DUWLFOHLQ&HOO 3,& VLPXODWLRQV :KHQ WZR ODVHU SXOVHV ZLWK
LGHQWLFDO LQWHQVLWLHV RI ͳǤ͸ ൈ ͳͲଶସȀଶ DUH FRXQWHULQFLGHQW RQ D WKLQ IRLO WDUJHW
KDUPRQLFV HPLVVLRQ LV REVHUYHG LQ WKHLU UHIOHFWHG HOHFWURPDJQHWLF ZDYHV 6XFK
KDUPRQLFVUDGLDWLRQLVH[FLWHGGXHWRWUDQVYHUVHO\RVFLOODWLQJHOHFWULFFXUUHQWVFRPLQJ
IURPWKHYLEUDWLRQRI4('HIIHFWJHQHUDWHG ݁ି݁ା SDLUV7KHHIIHFWVRIODVHULQWHQVLW\
DQG SRODUL]DWLRQ ZHUH VWXGLHG %\ GLVWLQJXLVKLQJ WKH FDVFDGH GHSWK RI JHQHUDWHG
SKRWRQV DQG SDLUV WKH LQIOXHQFH RI 4(' FDVFDGHV RQ KDUPRQLFV JHQHUDWLRQ ZDV
DQDO\]HG $OWKRXJK WKH FXUUHQW +* LV QRW DQ HIILFLHQW ZD\ IRU UDGLDWLRQ VRXUFH
DSSOLFDWLRQV LW PD\ SURYLGH D XQLTXH ZD\ WR GHWHFW WKH 4(' SURFHVVHV LQ WKH QHDU
IXWXUHXOWUDUHODWLYLVWLFODVHUVROLGLQWHUDFWLRQV
.H\ZRUGV3,&VLPXODWLRQODVHUSODVPDLQWHUDFWLRQ4('SODVPD

 ,QWURGXFWLRQ
4XDQWXP HOHFWURG\QDPLFV 4(' KDV EHHQ NQRZQ DV D IXQGDPHQWDO WKHRU\
VLQFH WKH HDUO\ WK FHQWXU\ 7KH HOHFWURQSRVLWURQ SDLU ݁ି݁ା SDLU FUHDWLRQ YLD
SKRWRQGHFD\ZDVRQHRIWKHPRVWUHOHYDQWWRSLFVLQ4('>@7KHGHYHORSPHQWRI
RQJRLQJ VWURQJ ODVHU IDFLOLWLHV VXFK DV (/, DQG 9XOFDQZLWK SRWHQWLDO FDSDELOLW\ RI
GHOLYHULQJ ODVHU SXOVHV LQ LQWHQVLW\ RI ̱ͳͲଶଷȀଶ  PDNHV LW SRVVLEOH WR
GHPRQVWUDWHSDLUFUHDWLRQYLD ODVHUSODVPD LQWHUDFWLRQ>@$WVXFK LQWHQVLWLHV WZR
LPSRUWDQW4('SURFHVVHVDUHPRVWO\FRQFHUQHG2QHLVQRQOLQHDU&RPSWRQVFDWWHULQJ
ZKLFKGHVFULEHVWKDWHOHFWURQVFDQHPLW ߛUD\SKRWRQVZKHQ LQWHUDFWLQJZLWK LQWHQVH
ODVHU SXOVHV >@ $QRWKHU LV WKH ZHOONQRZQ QRQOLQHDU %UHLW:KHHOHU %: SURFHVV
ZKLFK GHVFULEHV WKH ݁ି݁ା SDLU SURGXFWLRQ GXULQJ WKH LQWHUDFWLRQ RI KLJKHQHUJ\ ߛ
SKRWRQV ZLWK ODVHU SKRWRQV >@ 7KH FRPELQDWLRQ RI WKHVH WZR SURFHVVHV FDQ HDVLO\
OHDG WR D UDSLG JURZWK RI QHZO\ SURGXFHG KDUG SKRWRQV DQG ݁ି݁ା SDLUV 7KLV LV
NQRZQ DV 4(' FDVFDGH RU DYDODQFKH >  @ 4(' FDVFDGH LV GHWHUPLQHG E\ D
/RUHQW] LQYDULDQW SDUDPHWHU ߯௜ ൌ ሺ݁԰Ȁ݉௘ଷܿସሻඥെሺܨఓఔ݌௜ఔሻଶ ZKHUH ݅ LV WKH SDUWLFOH
LQGH[ ԰ LV WKH UHGXFHG 3ODQN FRQVWDQW ݁ DQG ݉௘ DUH WKH HOHPHQWDU\ FKDUJH DQG
HOHFWURQ PDVV ܨఓఔ DQG ݌௜ఔ DUH WKH ILHOG WHQVRU DQG SDUWLFOH¶V IRXUPRPHQWXP ,Q
VRPH FDVHV ߯௜ FDQ EH LQWHUSUHWHG DV ሺߝ௜Ȁ݉௘ܿଶሻሺܨୄȀ݁ܧௌሻ ZKHUH ߝ௜ LV WKH SDUWLFOH
HQHUJ\DQG ܨୄ LVWKHIRUFHSHUSHQGLFXODUWRWKHSDUWLFOH¶VPRYLQJGLUHFWLRQ>@+HUHܧௌ UHSUHVHQWV 6FKZLQJHU ILHOG DPSOLWXGH ܧௌ ൌ ݉௘ଶܿଷȀ݁԰ ൌ ͳǤ͵ʹ ൈ ͳͲଵ଺Ȁ >@
7KHTXDQWXPHIIHFWVFRPHLQWRVLJKWZKHQ ߯௜ UHDFKHVRUHYHQKLJKHU
5HFHQW UHVHDUFKHV RQ 4(' FDVFDGH HIIHFWV LQ ODVHUSURGXFHGSODVPDV PDLQO\
FRQFHUQ DERXW WKH SDLU SURGXFWLRQ UDWH >@ DQG WKH HQHUJ\ VSHFWUD RI QHZO\
JHQHUDWHGSKRWRQVDQGSDLUV >@9UDQLFHWDO >@DQG5LGJHUVHWDO >@KDYH
GRQH VRPH GHHS DQDO\VLV RQ WKH HIIHFWV RI VWRFKDVWLF QDWXUH LQ WKH HQHUJ\ VSHFWUD
'LIIHUHQW ODVHU FRQILJXUDWLRQV DQG WDUJHW VKDSHV KDYH EHHQ FRQVLGHUHG WR ORZHU WKH
LQWHQVLW\ WKUHVKROG RI 4(' FDVFDGH > @RU WR JHW SUROLILF SDLU SURGXFWLRQ > 
@ 3UHYLRXV VWXGLHV KDYH VKRZQ WKDW WZR FRXQWHUSURSDJDWLQJ ODVHUV LQWHUDFWLQJ
ZLWKDIRLOWDUJHWFDQIRUPDVWDQGLQJZDYHDQGFKDUJHGSDUWLFOHVDUHKHQFHWUDSSHGLQ
WKHQRGHVRUDQWLQRGHV>@RIWKHVWDQGLQJZDYHGHSHQGLQJRQWKHODVHULQWHQVLW\
7KHHOHFWURQG\QDPLFVRIUDGLDWLYHWUDSSLQJLVFRQGXFWHGLQDUHFHQWZRUNE\.LUNHW
DO >@ ([SHULPHQWDO HYLGHQFHV IRU PHDVXULQJ VWURQJ 4(' HIIHFWV HVSHFLDOO\ WKH
UDGLDWLRQUHDFWLRQIRUFHLQDOORSWLFDOH[SHULPHQWVDUHFDUULHGRXWE\3RGHUHWDO>@
DQG&ROHHWDO>@+RZHYHUWKH4('HIIHFWVRQWKHUHIOHFWHGODVHUILHOGVGXULQJWKH
LQWHUDFWLRQVXFKDVKDUPRQLFVJHQHUDWLRQKDYHQRWEHHQUHSRUWHG\HW)RUORZHUODVHU
LQWHQVLW\ ODVHU VROLG WDUJHW LQWHUDFWLRQ LQGXFHG KLJKRUGHU KDUPRQLFV JHQHUDWLRQV
++*KDYHEHHQZLGHO\VWXGLHGLQWKHODVWGHFDGHVGXHWRWKHLUSRWHQWLDODSSOLFDWLRQV
LQXOWUDYLROHWRU;UD\VRXUFHJHQHUDWLRQLQDWWRVHFRQGG\QDPLFVGHWHFWLRQDQGHYHQ
LQ SODVPD VXUIDFH GHWHFWLRQ >@ *HQHUDOO\ VXFK ++*V DUH UHVXOWHG IURP WKH
HOHFWURQV¶ FODVVLFDO UHVSRQVH WR WKH GULYHU ODVHU SXOVH DQG DUH H[SODLQHG PDLQO\ E\
WKUHHNLQGVRIPHFKDQLVPVLHUHODWLYLVWLFRVFLOODWLQJPLUURUFRKHUHQWZDNHHPLVVLRQ
DQGFRKHUHQWV\QFKURWURQHPLVVLRQ>@
,Q WKLV SDSHU ZH SUHVHQW D QHZ NLQG RI KDUPRQLFV JHQHUDWLRQ LQ D UHJLPH
GRPLQDWHG E\ VWURQJ 4(' HIIHFWV ZKHUH KDUPRQLFV ZLWK RGG RUGHUV DUH REVHUYHG
7KH PHFKDQLVP RI WKH KDUPRQLFV HPLVVLRQ LV LQYHVWLJDWHG E\ D IXOO\ UHODWLYLVWLF
3DUWLFOHLQ&HOO 3,& FRGH²(32&+ > @ ZKHUH WZR 4(' PRGXOHV GHVFULELQJ
QRQOLQHDU &RPSWRQ VFDWWHULQJ DQG PXOWLSKRWRQ %: SURFHVVHV DUH VHOIFRQVLVWHQWO\
LQFOXGHG2WKHU4('SURFHVVHVVXFKDV%+DQGWULGHQWDUHQRWFRQVLGHUHGGXHWRWKHLU
UHODWLYHO\ ORZ FURVV VHFWLRQ ZLWKLQ FXUUHQW ODVHU LQWHQVLW\ UDQJH >@ 7KH ODVHU
SRODUL]DWLRQDQGLQWHQVLW\HIIHFWVRQWKH+*VDUHDOVRVWXGLHG7KLVPHFKDQLVPPD\EH
XVHGDVDXVHIXODSSURDFKWRGHWHFWDQGH[SORUHWKH4('SURFHVVHVLQWKHQHDUIXWXUH
XOWUDUHODWLYLVWLFODVHUVROLGLQWHUDFWLRQV

 6LPXODWLRQVHWXS
,Q RXU VWXGLHV D K\GURJHQFDUERQ PL[HG WDUJHW ZDV XVHG ZLWK HDFK DWRPLF
GHQVLW\ RI ͶͲ݊஼ DQG WKH WRWDO HOHFWURQ GHQVLW\ LV ʹͺͲ݊஼  ZKHUH ݊஼ ൌ ሺ݉௘߱଴ଶሻȀ
ሺͶɎ݁ଶሻ  LV WKH FULWLFDO SODVPD GHQVLW\ DQG ߱଴  LV WKH ODVHU DQJXODU IUHTXHQF\
7ZRGLPHQVLRQDO3,&VLPXODWLRQVZHUHSHUIRUPHG7KHVLPXODWLRQER[ ORFDWHV IURPݔ ൌ ͲɊ  WR ݔ ൌ ͻɊ  LQ WKH ORQJLWXGLQDO GLUHFWLRQ DQG IURP ݕ ൌ െͶɊ  WRݕ ൌ ͶɊ LQ WKH WUDQVYHUVH GLUHFWLRQ 7KH WDUJHW LV ͳɊ WKLFN DQG ORFDWHV LQ WKH
PLGGOHRI WKHVLPXODWLRQER[DVVKRZQ LQ)LJD$OWKRXJKWKHWKLFNQHVVZHXVHG
KHUHLVQRWUHODWHGWRWKHUHODWLYLVWLFVNLQGHSWKWKH4('SURFHVVKHUHUHTXLUHVWKDWWKH
WDUJHW VKRXOGQRWEHWRRWKLFN7ZRFRXQWHUSURSDJDWLQJSSRODUL]HG ODVHUEHDPVDUH
LQFLGHQW VLPXOWDQHRXVO\RQ WKH WDUJHW(DFKRI WKHP KDVDZDYHOHQJWKRI ߣ଴ ൌ ͳɊ
DQG LQWHQVLW\ RI ͳǤ͸ ൈ ͳͲଶସȀଶ ZKLFK LV D W\SLFDO WKUHVKROG LQWHQVLW\ IRU 4('
FDVFDGHVDWXUDWLRQ>@%RWKODVHUSXOVHVKDYHDORQJLWXGLQDOO\VTXDUHSXOVHVKDSH
DQG WKHLU GXUDWLRQ LV ͵Ͳ ̱ͻ଴ $ VXSHU*DXVVLDQ OLNH WUDQVYHUVH SURILOH LQ ݕ
GLUHFWLRQLVXVHGIRUWKHODVHUSXOVHV
7RGHHSO\XQGHUVWDQGWKH4('FDVFDGHSURFHVVZHPDGHVRPHPRGLILFDWLRQVLQ
WKH(32&+FRGH>@$QHZSDUDPHWHURIPDFURSDUWLFOHVFDOOHGJHQHUDWLRQRUGHU LV
DGGHGWRWKHSDUWLFOHW\SHWRGHVFULEHWKHFDVFDGHGHSWKRIWKHSDUWLFOHVZKLFKUHFRUGV
KRZDQHZO\ERUQSDUWLFOHFRPHVIURP7KHJHQHUDWLRQRUGHURILQLWLDOWDUJHWHOHFWURQV
LQ WKH SODVPD LV ܩ௘ ൌ Ͳ 7KHQ WKH JHQHUDWLRQ RUGHU RI SKRWRQV HPLWWHG E\ WKHVH
HOHFWURQV LV ܩ௣ ൌ ܩ௘ ൅ ͳ $IWHUZDUGV WKH JHQHUDWLRQ RUGHU RI ݁ି݁ା  SDUWLFOHV LVܩ௘షశ ൌ ܩ௣  HWF 7KLV SURFHVV FRQWLQXHV XQWLO WKH FDVFDGH VWRSV 7KLV LV D XVHIXO
GLDJQRVLVZKHQZH QHHG WR LQYHVWLJDWH WKHFDVFDGHHIIHFWV VXFKDV WKHFDSDELOLW\RI
SKRWRQSURGXFWLRQIURPHLWKHUWDUJHWHOHFWURQVRU ݁ି݁ା SDLUV,QRXUQRWDWLRQDOOWKH
SKRWRQV ZLWK JHQHUDWLRQ QXPEHU RI RQH DUH HPLWWHG E\ WDUJHW HOHFWURQV PHDQZKLOH
SKRWRQV ZLWK JHQHUDWLRQ QXPEHU KLJKHU WKDQ RQH DUH HPLWWHG E\ WKH DIWHUZDUGV
SURGXFHG ݁ି݁ା SDLUV

 +DUPRQLFVJHQHUDWLRQLQGXFHGE\4('HIIHFWV

)LJXUH  D 6NHWFK PDS RI WKH ODVHU IRLO LQWHUDFWLRQ DQG GLDJQRVLV SRLQWV RI WKH
KDUPRQLFV HPLVVLRQ 7KH FRRUGLQDWHV RI $ % DQG & SRLQWV DUH   DQG
 UHVSHFWLYHO\ 7KH JUHHQ UHJLRQ ORFDWLQJ IURP ͶǤ͹Ɋ  WR ͶǤͺɊ  LQ ݔ
GLUHFWLRQ DQG IURP െͲǤͷɊ  WR ͲǤͷɊ  LQ ݕ  GLUHFWLRQ LV XVHG WR GLDJQRVH WKH
SRVLWURQ DYHUDJH GHQVLW\ LQ 6HFWLRQ  EF 6SDWLRWHPSRUDO HYROXWLRQV RI WDUJHW
HOHFWURQ E DQG SRVLWURQ F GHQVLWLHV RQ ݕ ൌ Ͳ D[LV G 6SDWLDO GLVWULEXWLRQ RI
SRVLWURQGHQVLW\DW ݐ ൌ ͳʹǤͷ଴ DQGQRUPDOL]HGHOHFWULFILHOG ܧ௬  RQ ݕ ൌ Ͳ D[LV

:HILUVWVWXG\WKH4('SURFHVVGXULQJWKHODVHUIRLOLQWHUDFWLRQ)LJEDQGF
VKRZ WKH VSDWLRWHPSRUDO HYROXWLRQV RI HOHFWURQ DQG SRVLWURQ GHQVLWLHV UHVSHFWLYHO\
7KHWDUJHWHOHFWURQVDUHILUVWO\DFFHOHUDWHGDQGFRPSUHVVHGE\ODVHUVIURPERWKVLGHV
7KHQWKH\VWDUWWKHUPDOH[SDQVLRQVDQGRVFLOODWHSHULRGLFDOO\LQWKHODVHUILHOGVZKLFK
UDGLDWH D ODUJH QXPEHU RI KLJKHQHUJ\ ߛSKRWRQV 'XH WR WKH RSSRVLWH HTXDO ODVHU
UDGLDWLRQ SUHVVXUHV WKHVH DFFHOHUDWHG WDUJHW HOHFWURQV FDQ EH ZHOO FRQILQHG WR WKH
FHQWHUZLWKRXWDQ\OHDNVIRUPLQJWZRKLJKGHQVLW\HOHFWURQOD\HUV7KHPXOWLSKRWRQ
%: SURFHVV LQLWLDWHV DW ݐ̱͸଴ DQG D ODUJH DPRXQW RI ݁ି݁ା SDLUV DUH WKHUHIRUH
SURGXFHG ZLWKLQ WKH LQLWLDO IRLO UHJLRQ $V LQWHUDFWLRQ SURFHVVHV ݁ି݁ା SDLUV DUH
SURGXFHGWUHPHQGRXVO\HYHQLQWKHRXWHUUHJLRQVDVVHHQLQ)LJF7KLV LVFDXVHG
E\ WKH VLJQLILFDQW 4(' FDVFDGH HIIHFW ZKHUH WKH SURGXFHG ߛSKRWRQV SURSDJDWH
RXWZDUGV DQG WKHQ FROOLGH ZLWK WKH LQFRPLQJ ODVHU SXOVHV OHDGLQJ WR FRQWLQXRXV
LQFUHDVHRISDLUSODVPDGHQVLW\$WDODWHUWLPHWKHSDLUSODVPDEHFRPHVRSDTXHWRWKH
LQFLGHQW ODVHU SXOVHV DQG WKH VWDQGLQJ ZDYH IRUPHG GLUHFWO\ E\ WKH
FRXQWHUSURSDJDWLQJ ODVHU SXOVHV GLVDSSHDUV > @ 0HDQZKLOH WKH HOHFWURQ DQG
SRVLWURQ EXQFKHV LQ WKH RXWHU UHJLRQV DUH FRPSUHVVHG LQZDUG E\ WKH ODVHU
SRQGHURPRWLYHIRUFHVZKLFKFRQWLQXRXVO\LQFUHDVHWKHGHQVLW\RISDLUSODVPDVLQWKH
FHQWHU $IWHU ݐ ൌ ͳͶ଴ WKH FRPSUHVVHG SDLU SODVPD H[SDQGV DORQJ ERWK WUDQVYHUVH
DQGORQJLWXGLQDOGLUHFWLRQVGXHWRWKHYDQLVKLQJLQFLGHQWODVHUSXOVHV
7KH IRUPDWLRQ RI WKH FHQWUDO GRXEOH OD\HU VWUXFWXUH KDV DOVR EHHQ UHSRUWHG E\
&KDQJ HW DO >@ DQG %DXPDQQ HW DO >@ KRZHYHU LWV HIIHFWV RQ UHIOHFWHG
HOHFWURPDJQHWLF (0 ILHOGV KDYH QRW EHHQ VWXGLHG LQ GHWDLO \HW ,Q RXU VWXGLHV ZH
IRXQGWKDWWKHFHQWUDORYHUGHQVHSDLUSODVPDZLOOLQWURGXFHKDUPRQLFVFRPSRQHQWLQ
WKH UHIOHFWHG ZDYH RI LQFLGHQW SXOVHV 7R VHH WKLV WKH VSDWLDO GLVWULEXWLRQ RI WKH
WUDQVYHUVH HOHFWULF ILHOG ܧ௬  LV VKRZQ LQ )LJ G +DUPRQLF FRPSRQHQWV FDQ EH
FOHDUO\ VHHQ IURP WKH ZDYHIRUP :KLOH UHGXFLQJ WKH ODVHU LQWHQVLWLHV WR ܫ ൌ Ͷ ൈͳͲଶଷȀଶWKHVLPXODWLRQVKRZVWKDWVXFKNLQGRIKDUPRQLFFRPSRQHQWVGLVDSSHDU
ZKLFKPHDQVWKDWWKHFXUUHQW+*LVTXLWHGLIIHUHQWIURPZKDWRQHXVXDOO\REVHUYHVLQ
QRUPDOUHODWLYLVWLFODVHUSODVPDLQWHUDFWLRQV,WVKRXOGEHUHODWHGWRWKH4('HIIHFWV

)LJXUHD6SDWLRWHPSRUDOHYROXWLRQRIOHIWSURSDJDWLQJ(0ILHOGሺܧ௬ െ ܤ௭ሻȀʹRQݕ ൌ Ͳ D[LV 'DVKHG OLQHV GHQRWH WKH WKUHH GHWHFWLRQ SRLQWV LQ )LJ  E 7HPSRUDO
HYROXWLRQVRIOHIWSURSDJDWLQJILHOGVDWGHWHFWLRQSRLQWV$%DQG&F6SHFWUDRIOHIW
SURSDJDWLQJILHOGVGHWHFWHGDWWKRVHSRLQWV

7RVHHWKH+*SURFHVVLQ)LJDZHVKRZWKHVSDWLRWHPSRUDOHYROXWLRQRIWKH
OHIWSURSDJDWLQJILHOGZKLFKLVGHILQHGDV ܨ௟௘௙௧ି௉ ൌ ሺܧ௬ െ ܤ௭ሻȀʹZKHUH ܧ௬  DQG ܤ௭
UHSUHVHQW WKHWUDQVYHUVHHOHFWULFDQG PDJQHWLF ILHOGV ,W FDQEH VHHQ WKDWPRVWRI WKH
ODVHU SXOVH FDQQRW WUDQVPLW WKURXJK WKH KLJKGHQVLW\ SODVPD OD\HUV IRUPHG LQ WKH
FHQWUDOUHJLRQ,QVSHFLILFWHPSRUDOHYROXWLRQVRIOHIWSURSDJDWLQJILHOGVDQGWKHLU)DVW
)RXULHU7UDQVIRUPDWLRQ))7DWWKHWKUHHGHWHFWLRQSRLQWVDUHVKRZQLQ)LJEDQG
F UHVSHFWLYHO\ 2QH FDQ VHH WKH UG DQG WK KDUPRQLF FRPSRQHQWV DW DOO WKHVH
GHWHFWLRQSRLQWVZKLFKLVFRQVLVWHQWZLWKWKHVSDWLDOGLVWULEXWLRQRIWKHILHOGVVKRZQLQ
)LJG)URP)LJERQHFDQVHH WKDW WKH LQLWLDOUHIOHFWHGRU WUDQVPLWWHGZDYHV
RQO\ FRQWDLQ IXQGDPHQWDO IUHTXHQF\ FRPSRQHQWV DQG WKH KLJK RUGHU FRPSRQHQW
DSSHDUV DW D ODWHU LQWHUDFWLRQ VWDJH ZKLFK LPSOLHV WKDW WKH +* KDSSHQV DV WKH 4('
SURFHVVLVIXOO\H[FLWHG,QWKHIROORZLQJZHGHPRQVWUDWHWKHHIIHFWRI4('FDVFDGHV
RQ WKH KDUPRQLFV JHQHUDWLRQ E\ FKDQJLQJ ODVHU IRLO LQWHUDFWLRQ SDUDPHWHUV VXFK DV
ODVHUSRODUL]DWLRQDQGLQWHQVLW\

 /DVHUSRODUL]DWLRQDQGLQWHQVLW\HIIHFWVRQKDUPRQLFVJHQHUDWLRQ
:H ILUVW VWXG\ WKH ODVHU SRODUL]DWLRQ HIIHFW RQ KDUPRQLFV JHQHUDWLRQ :KLOH
NHHSLQJSSRODUL]DWLRQRIWKHOHIW LQFLGHQWEHDPWKHSRODUL]DWLRQRIWKHULJKWLQFLGHQW
EHDP LVFKDQJHG WRVSRODUL]DWLRQ :HFDOO WKLV36GULYHQ LQWHUDFWLRQFDVH%\ WKLV
ZD\ RQH FDQ GLVWLQJXLVK ZKHWKHU WKH KDUPRQLFV FRPH IURP WKH WUDQVPLVVLRQ RU WKH
UHIOHFWLRQFRPSRQHQWRIHDFKODVHUSXOVH

)LJXUH  D F 6SDWLRWHPSRUDO HYROXWLRQ RI SRVLWURQ GHQVLW\ RQ ݕ ൌ Ͳ D[LV E G
6SHFWUDRIGLIIHUHQWILOHGFRPSRQHQWVDWWKUHHGHWHFWLRQSRLQWV8SSHUDQGORZHUSDGV
FRUUHVSRQGWRWKH36GULYHU LQWHUDFWLRQVDWODVHU LQWHQVLW\RI ͳǤ͸ ൈ ͳͲଶସȀଶ DQG
33GULYHULQWHUDFWLRQVDWODVHULQWHQVLW\RI Ͷ ൈ ͳͲଶଷȀଶUHVSHFWLYHO\

:HSUHVHQW LQ)LJD WKH VSDWLRWHPSRUDOHYROXWLRQRISRVLWURQGHQVLW\RI WKH
36GULYHULQWHUDFWLRQFDVH,WLVVHHQWKDWWKHOHIWSURSDJDWLQJVSRODUL]HGODVHUVHHPV
WRKDYHDVWURQJHUIRUFHRQWKHSURGXFHGSDLUSODVPDOHDGLQJWRDWLOWHGGLVWULEXWLRQRI
SRVLWURQ GHQVLW\ 7KLV LV GXH WR D TXDVL' HIIHFW RI WKH VSRODUL]DWLRQ LQ D 'VODE
VLPXODWLRQVWUXFWXUH7KHSDUWLFOHVFDQQRWPRYHDORQJWKH ݖ GLUHFWLRQVXFKWKDWWKH\
DFFXPXODWH DURXQG WKH LQWHUDFWLRQ UHJLRQ ZKLFK HQKDQFHV WKH SURGXFWLRQ RI ݁ି݁ା
SDLUV7KH))7VSHFWUDRI OHIWSURSDJDWLQJSVSRODUL]HG ILHOGFRPSRQHQWVDWSRLQW%
DUH VKRZQ LQ )LJ E +HUH WKH OHIW SURSDJDWLQJ V FRPSRQHQW ILHOG LV GHILQHG DVܨ௟௘௙௧ିௌ ൌ ሺܧ௭ ൅ ܤ௬ሻȀʹ%RWKOHIWSURSDJDWLQJSSRODUL]HGFRPSRQHQWDQGVSRODUL]HG
FRPSRQHQW KDYH D SHDN LQ WKH UG KDUPRQLF 7KH S FRPSRQHQW LV ODUJHU WKDQ WKH V
FRPSRQHQWZKLFKPHDQVWKHKDUPRQLFVPDLQO\FRPHIURPWKHUHIOHFWHG(0ZDYHV
7KH HIIHFW RI ODVHU LQWHQVLW\ RQ KDUPRQLFV JHQHUDWLRQ LV IXUWKHU VWXGLHG :H
UHGXFHG WKH ODVHU LQWHQVLW\ WR Ͷ ൈ ͳͲଶଷȀଶ 7KH VSDWLRWHPSRUDO HYROXWLRQ RI
SRVLWURQGHQVLW\DQGWKH))7VSHFWUDRIWKHSURSDJDWLQJ(0ILHOGVDUHVKRZQ LQ)LJ
FDQGGUHVSHFWLYHO\7KHSRVLWURQGHQVLW\GHFUHDVHVZLWKWKHODVHULQWHQVLW\7KH
FHQWUDO KLJKGHQVLW\ SODVPD OD\HU GLVDSSHDUV DQG WKH VDQGLQJ ZDYH VWD\V GXULQJ WKH
ZKROH LQWHUDFWLRQ SURFHVV 7KH ))7 VSHFWUD VKRZ WKDW WKH UG DQG WK KDUPRQLFV
FRPSRQHQWVQR ORQJHUH[LVWDWDOORI WKHWKUHHGHWHFWLRQSRLQWVDQGWKHDPSOLWXGHRI
WKH IXQGDPHQWDO IUHTXHQF\ ZDYH EHFRPHV KLJKHU UHODWLYH WR WKH FDVH RI ܫ ൌ ͳǤ͸ ൈͳͲଶସȀଶ 7KLV LV PDLQO\ GXH WR WKH ZHDNHU ODVHU DEVRUSWLRQ DW WKH ORZHU ODVHU
LQWHQVLW\

 4('FDVFDGHHIIHFWVRQKDUPRQLFVJHQHUDWLRQDQGVRXUFHRIHOHFWULFFXUUHQWV
LQGXFLQJWKHKDUPRQLFVHPLVVLRQ

)LJXUHD6SDWLRWHPSRUDOHYROXWLRQRISRVLWURQGHQVLW\RQ ݕ ൌ Ͳ D[LVIRUWKHFDVH
ZLWKRXW4('FDVFDGHSURFHVVE))7VSHFWUDRIOHIWSURSDJDWLQJILHOGVDWSRLQWV$%
DQG&

,Q WKH KLJKGHQVLW\ UHJLPH 4(' FDVFDGHV SOD\ DQ LPSRUWDQW UROH LQ WKH
SURGXFWLRQ RI GHQVH SDLU SODVPDV 7R IXUWKHU FKHFN WKH HIIHFW RI WKH 4(' FDVFDGH
SURFHVVRQWKHKDUPRQLFVJHQHUDWLRQ LQDVLPXODWLRQZHWXUQHGRIIWKH4('FDVFDGH
FKDQQHO :H RQO\ DOORZ WKH SURGXFWLRQ RI WKH ILUVW JHQHUDWLRQ RI ߛ SKRWRQV 7KH
JHQHUDWLRQRI ݁ି݁ା SDLUVIURPWKHODVHUWDUJHWHOHFWURQVLQWHUDFWLRQUHVHUYHVKRZHYHU
WKH VXFFHHGLQJ FDVFDGH SURFHVV LV VZLWFKHG RII 6R WHFKQLFDOO\ WKH SKRWRQV ZLWKܩ௣ ൒ ʹ GR QRW JHQHUDWH ݁ି݁ା SDLUV VHH DOVR LQ )LJ H ,Q WKLV FDVH WKH SDLU
QXPEHU DV ZHOO DV LWV VSDWLDO GHQVLW\ KDV D VKDUS GHFUHDVH DV VKRZQ LQ )LJ D
$FFRUGLQJO\ WKH GHQVLW\ RVFLOODWLRQ RI WKH WZR 4(' SODVPD OD\HUV EHFRPHV PXFK
ZHDNHUZKLFK IXUWKHUUHGXFHVWKH ODVHUDEVRUSWLRQDQGUHIOHFWLRQ)LJXUHEVKRZV
WKH))7VSHFWUDRI OHIWSURSDJDWLQJ ILHOGVDWWKHWKUHHGHWHFWLRQSRLQWV,W LVVHHQWKDW
DOO WKH KDUPRQLFV FRPSRQHQWV DUH YDQLVKHG DQG RQO\ VRPH KLJK IUHTXHQF\ QRLVH
UHPDLQV LQWKHVSHFWUD7KHSHDNYDOXHRI WKHIXQGDPHQWDO IUHTXHQF\ LVPXFKKLJKHU
WKDQ WKDW REWDLQHG LQ WKH FDVFDGHWXUQRQ FDVH ZKLFK PHDQV WKDW PRVW RI WKH ODVHU
HQHUJ\ GR QRW WUDQVIHU WR WKH WDUJHW SODVPDV DQG WKH ݁ି݁ା SDLUV %HVLGH WKH ORZHU
GHQVLW\RIWKHRVFLOODWLQJHOHFWURQVE\FRPSDULQJ)LJDDQG)LJFRQHFDQDOVR
VHHWKDWWKHRVFLOODWLRQSDWWHUQLWVHOILVQRWDVVWDEOHDVWKHRQHLQWKH4('FDVFDGHRQ
FDVH7KHVHWZRIDFWRUVPDNHWKHFRQYHQWLRQDO++*PHFKDQLVPVVXFKDVUHODWLYLVWLF
RVFLOODWLRQ PLUURU PHFKDQLVP EH DOPRVW DEVHQW LQ FXUUHQW ODVHU SODVPD LQWHUDFWLRQ
UHJLRQ,WSURYHVWKDWWKHKDUPRQLFVJHQHUDWLRQKHUHLVPDLQO\JRYHUQHGE\WKH4('
FDVFDGHV DQG RQO\ KDSSHQV ZKHQ WKH ODVHU LQWHQVLW\ EHFRPHV VWURQJ HQRXJK ZKLFK
PD\SURYLGHDXVHIXOZD\WRGHWHFWWKH4('SURFHVVHV


)LJXUH  D 6SDWLRWHPSRUDO HYROXWLRQ RI WUDQVYHUVH HOHFWULF FXUUHQW ܬ௬  RQ ݕ ൌ Ͳ
D[LV E ))7 VSHFWUD RI ߲ܬ௬Ȁ߲ݐ DQG LWV WZR FRQWULEXWLRQ WHUPV IRU WKH KDUPRQLFV
JHQHUDWLRQ 7KH FRQWULEXWLRQ WHUPV DUH DYHUDJHG ZLWKLQ WKH JUHHQ VTXDUH UHJLRQ
ODEHOOHG LQ )LJ D F 7HPSRUDO HYROXWLRQ RI DYHUDJH SRVLWURQ GHQVLW\ ZLWKLQ WKH
JUHHQ VTXDUH UHJLRQ ODEHOOHG LQ )LJ D IRU WKH FDVHV ZLWK 4(' FDVFDGH RQ EODFN
OLQHDQGRIIUHGOLQHG))7RIWKHFRUUHVSRQGLQJOLQHVLQFH*HQHUDWLRQRUGHU
VSHFWUDRI SRVLWURQV IRU WKH FDVHV ZLWK WKH 4('FDVFDGH RQ EODFN VTXDUHV DQG RII
UHGVTXDUHVDW ݐ ൌ ͳʹǤͷ଴7KH4('FDVFDGHLVWXUQHGRQIRUWKHILJXUHVDDQGE

7RLQYHVWLJDWHWKHPHFKDQLVPRIWKHKDUPRQLFVJHQHUDWLRQLQWKHFXUUHQWVWXG\
ZHFKHFNHGWKHWUDQVYHUVHHOHFWULFFXUUHQWHYROXWLRQLQWKH3,&VLPXODWLRQV)LJXUH
D VKRZV WKH VSDWLRWHPSRUDO HYROXWLRQ RI ܬ௬  RQ ݕ ൌ Ͳ D[LV ,W LV IRXQG WKDW IURP
DERXW ݐ ൌ ͺ଴ KDUPRQLFV FRPSRQHQWV EHJLQ WR DSSHDU LQ WKH FHQWUDO DUHD7KH ))7
VSHFWUD RI WKH FXUUHQW GHULYDWLYH ߲ܬ௬Ȁ߲ݐ DQG LWV WZR FRQWULEXWLRQ WHUPV ݒ௬߲ߩȀ߲ݐ
DQG ߩ߲ݒ௬Ȁ߲ݐ DUHVKRZQLQ)LJE2QHFDQVHHWKDWLQWKLV4('FDVFDGHRQFDVH
WKH ݒ௬߲ߩȀ߲ݐ WHUP KDV D GRPLQDWHG FRQWULEXWLRQ WR WKH WK KDUPRQLF FRPSRQHQW
6LQFH WKH IUHTXHQF\ FRPSRQHQW RI ݒ௬  LV PDLQO\ RQH Z LW PHDQV WKH GHQVLW\
GHULYDWLYHWHUPVKRXOG LQFOXGHZFRPSRQHQW7KLV LVFRQILUPHG LQ)LJFZKHUH
HYROXWLRQVRI WKHDYHUDJHSRVLWURQGHQVLW\ LQWKHJUHHQVTXDUHUHJLRQ ODEHOOHG LQ)LJ
D IRU WKH 4(' FDVFDGH RQ DQG RII FDVHV DUH VKRZQ %HIRUH  ൌ ͳͲ଴  WKH
HYROXWLRQV IRU WKH WZR FDVHV VKRZ VLPLODU EHKDYLRU $ GRXEOHIUHTXHQF\ Z
FRPSRQHQWRI ߩ LVVHHQ LQERWKFDVHVDVVKRZQ LQ)LJGZKLFK LVPDLQO\GXHWR
WKH Z FRPSRQHQW RI WKH ORQJLWXGLQDO SRQGHURPRWLYH IRUFH RI WKH GULYHU ODVHUV
&RPELQHG ZLWK WKH RQH Z FRPSRQHQW HYROXWLRQ RI ݒ௬ ǡ  ERWK RI WKH WZR WHUPV
ݒ௬߲ߩȀ߲ݐ DQG ߩ߲ݒ௬Ȁ߲ݐFRQWULEXWHWRWKHUGFRPSRQHQWSHDNLQ)LJE 
)URP WKH EODFN OLQHV LQ )LJ F DQG G RQH FDQ DOVR VHH WKDW EHVLGHV WKH
ZFRPSRQHQW LQ WKH 4(' FDVFDGH RQ FDVH D Z FRPSRQHQW RI ߩ DOVR H[LVWV
&RPELQHGZLWKWKHRQHZFRPSRQHQWHYROXWLRQRI ߲ݒ௬Ȁ߲ݐ ߩ߲ݒ௬Ȁ߲ݐ WHUPJLYHVWKH
WK FRPSRQHQW SHDN LQ )LJ E $QG WKLV HOHFWULF FXUUHQW FRPSRQHQW ILQDOO\
FRQWULEXWHVWRWKHWKKDUPRQLFLQWKHHOHFWURPDJQHWLFVSHFWUXP
7R ILQG WKH UHDVRQ RI WKH Z FRPSRQHQW RI ߩ ZH XVHG RXU QHZO\ GHYHORSHG
IXQFWLRQRIFDVFDGHRUGHUDQDO\VLV)LJXUHHVKRZVWKHSRVLWURQJHQHUDWLRQRUGHUV
LQ WKH 4(' FDVFDGH RQ DQG FDVFDGH RII FDVHV :KHQ 4(' FDVFDGH LV DUWLILFLDOO\
WXUQHGRIISRVLWURQVZLWK ܩ௘శ ൒ ʹ QRORQJHUH[LVWDQGDVDUHVXOWWKHWRWDOSRVLWURQ
QXPEHU LQ WKLVFDVH LV PXFK ORZHU WKDQ WKDW LQ WKH4('FDVFDGHRQFDVH7KLVDOVR
H[SODLQV ZK\ WKH DYHUDJH SRVLWURQ QXPEHU LQ WKH 4(' FDVFDGH RII FDVH GHFUHDVHV
PXFK TXLFNO\ WKDQ WKH 4(' FDVFDGH RQ FDVH DIWHU W 7 7KH VLPXODWLRQ UHVXOWV
VKRZWKDWWKHZFRPSRQHQWRISDLUGHQVLW\RVFLOODWLRQRQO\DSSHDUVZKHQWKHFDVFDGH
SURFHVV LV WXUQHG RQ ,W PLJKW EHFDXVH WKDW WKH SDLUV ZLWK KLJKHU JHQHUDWLRQ QXPEHU
ܩ௘േ ൒ ʹሻ  GHSHQG RQ WKH ILUVW JHQHUDWLRQ RI SDLUV ܩ௘േ ൌ ͳ  ZKRVH GHQVLW\
PRGXODWLRQ KDYH ZFRPSRQHQW &RPELQLQJ ZLWK WKH Z FRPSRQHQW FRQWULEXWLRQ
IURP WKH LQWHUDFWLQJ ODVHUV WKH ILQDO SDLU GHQVLW\ PRGXODWLRQV VKRZ Z FRPSRQHQW
ZKLFK WKHQ OHDGV WR WKH JHQHUDWLRQ RI WKH WK RUGHU FXUUHQW DQG KDUPRQLF DV ZH
PHQWLRQHGEHIRUH 

 6XPPDU\DQGGLVFXVVLRQ
,Q VXPPDU\ WKHG\QDPLFVRI WZRXOWUDUHODWLYLVWLF LQWHQVHFRXQWHUSURSDJDWLQJ
ODVHUVLQWHUDFWLQJZLWKDWKLQIRLOWDUJHWLVVWXGLHGE\XVLQJ4('PRGXOHLQFOXGHG3,&
VLPXODWLRQV DQG KDUPRQLFV XS WR WK RUGHU KDYH EHHQ REVHUYHG ,W VKRZV WKDW VXFK
KDUPRQLFVDUHJHQHUDWHGGXHWR4('HIIHFWVHVSHFLDOO\WKHFDVFDGHSURFHVV%RWKWKH
WUDQVPLVVLRQ DQG UHIOHFWLRQ ILHOGV FDUU\ KDUPRQLFV FRPSRQHQWV ZKLOH WKH UHIOHFWLRQ
FDUULHVPDMRULW\2QFH4('FDVFDGHHIIHFWLVWXUQHGRIIDUWLILFLDOO\RUE\UHGXFLQJWKH
GULYHU ODVHU LQWHQVLW\ ݁ି݁ା  SDLUV SURGXFWLRQ ZLOO EH VXSSUHVVHG DQG KDUPRQLFV
FRPSRQHQWGLVDSSHDUV7KHVHVWXGLHVSURYLGHDQHZZD\WRGHWHFWWKH4('HIIHFWVLQ
WKH FRPLQJ H[WUHPH LQWHQVH ODVHU WDUJHW LQWHUDFWLRQ ZKHUH WKH 4(' SURFHVVHV PD\
GRPLQDWHWKHLQWHUDFWLRQ

$FNQRZOHGJHPHQWV
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